INTRODUCTION
Erucic acid is an important fatty acid in the oleochemical industry. The current major industrial source of erucic acid is high-erucic acid rapeseed oil (McNeill, 1997) . However, the erucic acid in rapeseed oil has become a major health concern, with many countries around the world directing their attention toward developing rapeseed cultivars that have low erucic acid content (Tallent, 1972) . The crucifer Crambe abyssinica (2n = 6x = 90) has high erucic acid content (52-59%) in its seed oil, in addition to wide climatic and agronomic adaptation; hence, this plant is receiving more focus as an alternative industrial crop (Mikolajczak et al., 1961; Lazzeri et al., 1994; Gardner, 1996; Huang et al., 2013) . Massoura et al. (1996) reported that Crambe also has other valuable by-products, such as protein meal and possibly fiber. The acceptance of Crambe meal by the feed industry is based on its attractive price and satisfactory performance as a feed for ruminant animals (Carlson et al., 1996) . Crambe is also cultivated in China (Wang et al., 2000) .
Since the 1970s, research programs, such as traditional breeding by successive selection within C. abyssinica, have been carried out in many countries to widen this species' genetic variation; however, only limited progress was made because of inadequate genetic variability for important agronomic traits, such as disease resistance, seed yield, and erucic acid content (Mastebroek and Lange, 1997; Warwick and Gugel, 2003) . Crambe hispanica (2n = 60) and Crambe kralikii (2n = 60) are wild relatives of C. abyssinica, and exhibit better tolerance to certain diseases, such as Alternaria, one of the most devastating diseases of C. abyssinica in China. Therefore, these 2 species might provide useful resources of genetic variation for the improvement of C. abyssinica (Mulder and Mastebroek, 1996; White, 1975; White and Solt, 1978) .
Interspecific hybridization has been, and continues to be, a useful means for transferring desirable traits from related germplasm into the crop plant of interest, to increase the genetic diversity of cultivated species (Snowdon, 2007; Mohanty et al., 2009) . Sexual incompatibility exists between wild and cultivated species, such as the abortion of embryos at an early developmental stage, and the low fertility of F 1 hybrids. In many cases, these difficulties may be overcome by embryo rescue and protoplast fusion, which greatly facilitate the production of interspecific hybrids (Zhang et al., 2004; Wen et al., 2008; Prakash et al., 2009 ). There are numerous examples of successful gene introgressions, with respect to diseases (Hu et al., 2002; Chen et al., 2007) , novel fatty acid composition (Wang et al., 2003) , and fertility restorer genes for a number of cytoplasmic male sterility systems (Banga et al., 2003) . In this study, interspecific crosses of C. abyssinica with C. hispanica and C. kralikii were undertaken to produce hybrids and progenies for the improvement of C. abyssinica. Morphological, cytogenetic, and molecular characterization of the F 1 hybrids was reported.
MATERIAL AND METHODS

Plant material and crosses
Seeds of C. hispanica, C. kralikii, and C. abyssinica were obtained from the USDA (http://plants.usda.gov/core/profile?symbol=CRAB5). The seeds were sown in the field of Hubei University, Wuhan, 30.35° N, 114 .17° E, China. Reciprocal crosses were carried out between C. hispanica and C. abyssinica, and C. kralikii and C. abyssinica. Flower buds of the female parent were hand emasculated 1 day before anthesis, and bagged with paper bags. Hand pollination was conducted with freshly collected pollen grains of the male parent one day following emasculation.
About 2-3 weeks after pollination, some swollen siliquas with immature seeds were excised for embryo culture, and the rest were left on the plants for seed harvest. Excised siliquas were rinsed with tap water, surface-sterilized in 70% ethanol for 3 min, and treated with 0.1% mercuric chloride for 15 min, followed by 3 rinses in sterile distilled water. The immature embryos were aseptically dissected and transferred to MS agar medium (Murashinge and Skoog, 1962) , and kept at 25°C in a 12-h light/12-h dark cycle for about 1 month. Plantlets regenerated from the cultured embryos were multiplied in vitro by subculturing the shoot tips and nodal segments on MS agar medium supplemented with 3.0 mg/L 6-benzylaminopurine and 0.2 mg/L α-naphthalenacetic acid (NAA). Plantlets formed on this medium were rooted on MS agar medium containing 0.5 mg/L NAA, and were then transferred to the greenhouse.
Pollen viability and cytological analysis
The pollen fertility of the hybrids was estimated based on the percentage of stainable pollen grains with 1% acetocarmine. About 300 pollen grains from 2 flowers of each hybrid were counted under the microscope. Fertile pollen grains were completely rounded, densely stained, and easily distinguishable from small, shrunken, and lightly stained sterile pollen grains.
For chromosome counting at the mitotic metaphase, the immature ovaries of the hybrids were pre-treated with 2 mM 8-hydroxyquinoline for 3 h at room temperature, and fixed in a mixture of 1:3 (v/v) acetic acid/ethanol overnight. Then, the samples were transferred to 70% alcohol and stored at -20°C until use. The young flower buds used for the meiotic studies were directly fixed in a mixture of 1:3 (v/v) acetic acid/ethanol for at least 24 h, and then stored at -20°C. Mitotic and meiotic observations were performed according to the method of Li et al. (1995) .
Amplified fragment length polymorphism (AFLP) analysis
AFLP analysis was performed on F 1 plants/progenies and parents following the procedures of Vos et al. (1995) , with some modifications. In brief, 50 ng purified genomic DNA was completely digested by using the restriction endonucleases EcoRI and MseI. Digested DNAs were then ligated to EcoRI and MseI adapters, and the resulting ligation products were amplified by PCR with primers matching the adapters. After 2 PCR steps (pre-selective PCR and selective PCR in turn), the PCR products were loaded onto the gel and resolved. The AFLP profile was obtained with silver staining (Bassam et al., 1991) , and bands with 80-1000 bp were scored.
RESULTS
Crossability and production of hybrids
In the cross between C. abyssinica and C. hispanica, 5 hybrids were obtained with embryo rescue, while 118 F 1 hybrids were produced without embryo rescue, when C. hispanica was used as the female parent (the combination designated as H x A). In their reciprocal crosses (A x H), 232 hybrids were obtained without embryo rescue (Table 1) . From more than 1000 C. kralikii flowers pollinated with the pollen grains of C. abyssinica (K x A), only 2 F 1 hybrids were obtained through embryo rescue, whereas reciprocal crosses produced no hybrids, even by embryo rescue (Table 1) . H x A and A x H hybrids produced many BC 1 progenies after pollination by C. abyssinica, whereas K x A hybrids only produced 7 BC 1 plants, when using embryo culture, after pollination by C. abyssinica, while no seed set was achieved under self-pollination or in backcrosses without embryo rescue. The H x A hybrids were morphologically intermediate to the parents for many characteristics, including leaf shape, branching structure ( Figure 1A-C) , and flower size. The F 1 hybrids exhibited basal branching as found in C. abyssinica ( Figure 1B and C) , whereas C. hispanica had an obvious primary stem ( Figure 1A) . The stems and leaves of the F 1 hybrids ( Figure 1D,) were glabrous, like those of C. abyssinica ( Figure 1E) , whereas the C. hispanica leaves were pubescent ( Figure 1F ). The pollen stainability of the H x A hybrids was 65.4-86.0%, with an average of 76.9%.
The A x H F 1 hybrids showed typical C. abyssinica morphology at the seedling stage, but certain differences existed among the individuals at flowering stage ( Figure  1G ). The purple color and pubescent trait of the male parent C. hispanica were expressed to different degrees on the leaf petioles and stems ( Figure 1H ). The structure of the basic clustering stems of C. abyssinica was kept in the F 1 hybrids, but there were fewer branches compared to C. abyssinica ( Figure 1G and H). The petal shape was intermediate between the 2 parents, but the flower size was similar to that of C. hispanica and larger than C. abyssinica. The pollen viability of the A x H F 1 hybrids ranged from 66.2 to 81.1%, with an average of 75.4%.
Many morphological characteristics and inflorescence attributes of the K x A F 1 hybrids were intermediate between the 2 parents, including leafstalk color (Figure 2A-C) , leaf shape ( Figure 2D and E), flower buds ( Figure 2F) , and plant height. The branching pattern was similar to C. kralikii, with an obvious primary stem. The hybrids had flowers with abnormal stamens that were shorter compared to both parents ( Figure 2G-I) . 
Cytology of the F 1 hybrids
All F 1 hybrids of the 3 crosses (H x A, A x H and K x A) had the expected chromosome number (2n = 75), corresponding to the sum of the haploidy number of the parents. In the pollen mother cells (PMCs) at diakinesis and metaphase I (MI) of the H x A F 1 hybrids, a range of chromosome configurations were observed, including 30II + 15I, 25II + 25I, 1III + 31II + 10I ( Figure 3A) , and 2III + 30II + 9I ( Figure 3B ). The ranges of univalents and bivalents were 3-33 and 17-36, respectively, while the average chromosome association was 1.95III + 28.40 II + 11.75I (Table 2 ). In the PMCs at anaphase I (AI), many types of chromosome segregation ratios were recorded, with different chromosome numbers in each polar group. The 38:37 segregation ratio was most frequent in 33.3% of PMCs. The A x H F 1 hybrids also showed various chromosome pairing configurations in the PMCs at diakinesis and MI. The most frequent pairing, 31II+13I ( Figure 3C ), occurred in about 30.4% of the PMCs. The ranges of univalents and bivalents were 3-38 and 14-36, respectively. The average chromosome association was 2.38III + 27.95II + 14.67I (Table 2 ). The majority of AI PMCs showed segregation ratios of 45:30, 41:34, 40:35, and 38:37 ( Figure 3D ). The K x A F 1 hybrids had variable pairings, with a high frequency of univalent. A maximum of 63 univalents ( Figure 4A ) was observed in about 9.7% PMCs, and a maximum of 3 trivalents was observed in 3.7% PMCs. The ranges of univalents and bivalents were 28-63 and 6-22, respectively. The average pairing association was 1.08III + 12.16II + 48.16I (Table 2) . Various segregation ratios appeared, with 45:30 ( Figure 4B ) being the most frequent in about 31.1% PMCs. Numerous chromosomal abnormalities were observed at AI and AII, including the late disjunction of bivalents ( Figure 4C ), chromosome bridges ( Figure 4D ), laggards, and micronuclei. These abnormalities caused male sterility in F 1 hybrids. 
AFLP analysis
AFLP analysis was carried out on K x A, A x H, and H x A hybrids by using 10 randomly selected primer pairs that yielded clear polymorphic band patterns specific to the parents (Figures 5 and 6 ). All F 1 hybrids and their progenies expressed typical bands of the parents, confirming the hybrid identities. The absence of bands in one or both parents, and novel bands for both parents, were found in all cross-combinations. 
DISCUSSION
The employment of large-scale germplasm collections of the important world food crops has significantly contributed to the success of plant breeding programs. To successfully breed new potential industrial crops, their gene pools must also be widened. Several cultivars of C. abyssinica have been released, such as 'Prophet', 'Indy', 'Meyer' (Lessman, 1975) , 'BelAnn', and 'BelEnzian' (Campbell et al., 1986 ) through mass selection. However, further improvement is restricted because of a lack of variation within C. abyssinica for important agricultural characteristics. In the present study, interspecific hybrids and their backcross plants were obtained using combinations of A x H, H x A, and K x A. The identity of the F 1 hybrids was confirmed at the morphological, cytological, and molecular levels. All of the F 1 hybrids exhibited phenotypic features that were intermediate to both parents. AFLP analysis indicated that all the F 1 hybrids and their progenies had typical bands of the parents, confirming the hybrid identities. The absence of bands in one or both parents and novel bands for two parents were found in all cross-combinations. This means that chromosome recombination and DNA elimination occurred in the genomes of the hybrids.
Interspecific hybrids are also used for phylogenetic and evolutionary studies. Genomic analysis was originally based on observations of chromosome pairings in hybrids between diploid analyzers and their polyploid relatives. If the chromosomes were paired in multiples of the basic number of the genus, it was assumed that common genomes were present (Lilienfield and Kihara, 1951) . Some difficulties arose when the number of chromosome pairs was not close to the exact multiples of the basic number. In these cases, it was assumed that some genomic differentiation had taken place. In addition, it is invalid, in most cases, to infer genomic relationships from chromosome pairing in diploid hybrids. This is because residual homoeology might lead to synapsis, which might be interpreted as homology (Zhao and Kimber, 1984) . Even though this method was subjective, it worked well, and provided an essentially correct picture of evolution for Brassicas, wheat, and other species (Kihara, 1919; Sax, 1918 Sax, , 1922 Morinaga 1933 Morinaga , 1934 Nagaharu, 1935; Lilienfield and Kihara, 1951; Morris and Sears, 1967; Zhao and Kimber, 1984; Espinasse et al., 1995) .
There are about 30 species in the genus Crambe, with the taxonomic and genetic relationships between some species remaining controversial (Mulder and Mastebroek, 1996; Warwick and Gugel, 2003) . Based on morphological (Jonsell, 1976) and molecular data (Warwick and Gugel, 2003) , C. abyssinica and C. hispanica were reported to have conspecific status and were classified into one species, but may be distinguished by chromosome numbers. Data assimilated by Francisco-Ortega et al. (2002) indicated that C. abyssinica is very closely clustered with C hispanica, followed by C. filiformis, and then C. kralikii. The crosses between C. abyssinica and C. hispanica have been carried out; however, cytogenetic data are not available (Meier and Lessman, 1972) . In this study, F 1 hybrids and backcrossing progenies between C. abyssinica and C. hispanica were easily obtained and showed a high frequency of meiotic pairing in PMCs at diakinesis, which resulted in a high degree of fertility (Table 2 and Figure  2) . In the hybrids H x A/A x H, up to 60 chromosomes are averagely involved in the formation of bivalents and trivalents, suggesting that nearly all 30 chromosomes from C. hispanica are homologous enough to the 30 chromosomes of 45 from C. abyssinica to be paired and then that C. hispanica might be an ancestor of C. abyssinica. Since C. abyssinica is possibly one hexaploid with x = 15, C. hispanica seems to be one tetraploid containing two genomes with x = 15, which share high degree of homology with the two genomes in C. abyssinica. The extra pairing of more than 30 bivalents in these pentaploid hybrids also suggests that homoeology might exist within the partaking genome of C. abyssinica. The lower crossability of C. kralikii x C. abyssinica combination showed their more distant relationship, which was supported by the lower frequency of chromosome pairing, widespread chromosomal abnormalities and the sterility for male and female gametes in the hybrids.
In conclusion, interspecific F 1 hybrids and their backcross generations were obtained from the crosses of C. abyssinica with C. hispanica and C. kralikii. The progenies with beneficial traits are anticipated to provide a new and valuable resource for the genetic improvement of C. abyssinica. Selection for earliness increased seed yield, and higher seed oil content is in progress.
